Accumulation of antiviral nucleotides in renal proximal tubules is controlled by their basolateral uptake via the human renal organic anion transporters type 1 (hOAT1) and 3 (hOAT3) and apical efflux via the multidrug resistance protein 4 (MRP4). GS-9148 is a novel ribose-modified nucleotide human immunodeficiency virus (HIV) reverse transcriptase inhibitor, and its oral prodrug GS-9131 is currently being evaluated in the clinic as an anti-HIV agent. To assess the potential of GS-9148 for nephrotoxicity, its mechanism of renal transport, cytotoxicity, and renal accumulation were explored in vitro and in vivo. In comparison with the acyclic nucleotides cidofovir, adefovir, and tenofovir, GS-9148 showed 60-to 100-fold lower efficiency of transport (V max /K m ) by hOAT1 and was 20-to 300-fold less cytotoxic in cells overexpressing hOAT1, indicating its lower hOAT1-mediated intracellular accumulation and reduced intrinsic cytotoxicity. GS-9148 was also relatively inefficiently transported by hOAT3. Similar to acyclic nucleotides, GS-9148 was a substrate for MRP4 as evidenced by its reduced intracellular retention in cells overexpressing the efflux pump. Consistent with these molecular observations, GS-9148 was inefficiently taken up by fresh human renal cortex tissue in vitro and showed a limited accumulation in kidneys in vivo following oral administration of [ 14 C]GS-9131 to dogs. Compared to acyclic nucleotide analogs, GS-9148 was also found to have lower net active tubular secretion in dogs. Collectively, these results suggest that GS-9148 exhibits a low potential for renal accumulation and nephrotoxicity.
The acyclic nucleotide analogs tenofovir, adefovir, and cidofovir (Fig. 1A ) have emerged as a novel class of clinically effective antiviral agents used for the treatment of various viral infections, including human immunodeficiency virus (HIV) (21, 24) , hepatitis B virus (13) , and cytomegalovirus (19) . Drug-related renal adverse effects manifested by changes in the function of renal proximal tubules have been identified in a subset of patients treated with certain nucleotide regimens (17, 23, 28) . Acyclic nucleotides are secreted renally by a combination of glomerular filtration and active tubular secretion (7) ; their accumulation in kidney tissue has been detected in several animal species (9, 10, 20) , and subsequent molecular studies have demonstrated the ability of human renal organic anion transporters types 1 and 3 (hOAT1 and hOAT3) to efficiently transport these nucleotides (3, 15, 31) . Both hOAT1 and hOAT3 are selectively expressed in the basolateral membrane of renal proximal tubule cells (22) , indicating that these transporters play an important role in the renal secretion of nucleotides and, in certain circumstances, mediate their accumulation in proximal tubules, which may subsequently lead to renal toxicity. In addition, it has been recently established that tenofovir and adefovir are substrates for multidrug resistance protein 4 (MRP4), but not MRP2 or P-glycoprotein efflux pumps (4, 16, 25) . Functional MRP4 is present in the apical membrane of renal proximal tubules and mediates elimination of its substrates from proximal tubule cells into urine (32) . Therefore, in addition to being a part of the nucleotide active tubular secretion pathway, MRP4 activity serves a nephroprotective role by reducing the tubular accumulation of nucleotide analogs.
GS-9148 (phosphonomethoxy-2Ј-fluoro-2Ј,3Ј-dideoxydidehydroadenosine; Fd4AP) (Fig. 1B) is a novel nucleotide HIV reverse transcriptase inhibitor with a modified ribose-like sugar moiety and a phosphonate linkage (5) . Its mono-amidate prodrug GS-9131 substantially increases the cellular permeability of GS-9148 and is readily converted to the parent nucleotide inside cells (26) . GS-9131 exhibits potent antiretroviral activity in vitro against a range of HIV type 1 (HIV-1) strains, including clinical isolates of different subtypes, and shows a favorable in vivo pharmacokinetic profile, effectively delivering both the parent nucleotide GS-9148 and its active diphosphate metabolite into peripheral blood mononuclear cells (PBMCs) (5, 26) . Importantly, the parent nucleotide GS-9148 shows a favorable resistance profile and retains its activity against a wide range of nucleoside-resistant HIV-1 variants, including viruses with multiple M184V, K65R, L74V, and thymidine analog mutations in reverse transcriptase (5) . Because of these favorable pharmacological properties, GS-9131 is currently being explored as a novel antiretroviral agent for the treatment of HIV infection.
Similar to cidofovir, adefovir, and tenofovir, GS-9148 carries a negative charge under physiological conditions and, hence, it has the potential to accumulate in renal proximal tubules via hOAT1-and hOAT3-mediated uptake. The goal of this study was to assess the interaction of GS-9148 with the renal uptake and efflux transporters and to understand more broadly the potential of GS-9148 to actively accumulate in renal proximal tubules in vivo, a process that may be prerequisite to renal toxicity.
MATERIALS AND METHODS
Compounds and reagents. GS-9148 was synthesized as previously described (2) . Tenofovir, adefovir, and cidofovir were provided by the Process Chemistry Department, Gilead Sciences. Stock solutions of all nucleotides were prepared in water and adjusted to pH 7.0. Probenecid was purchased from Sigma (St. Louis, MO) and dissolved in dimethyl sulfoxide. ) and control cells transfected with empty pIRESneo3 expression vector (CHO pIRES ) (BD Biosciences Clontech, Mountain View, CA) have been described previously (15) . The cells were passaged twice a week and maintained in phenol red-free RPMI 1640 medium (Gibco Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum and 1 mg/ml G-418 (Sigma). To generate BHK hOAT3 cells, cDNA encoding hOAT3 (GenBank accession no. 042505) was amplified by PCR from a human kidney cDNA library (Stratagene, La Jolla, CA) and cloned into a pIRESneo3 expression vector by using EcoRI/NheI restriction sites. The resulting plasmid was transfected into BHK-21 cells (ATCC, Manassas, VA) using GeneJammer lipid transfection reagent (Stratagene), and stably transfected clones were selected in the presence of 1 mg/ml G-418. Following the isolation and expansion of clones, approximately 20 clones were screened for the probenecid-sensitive uptake of estrone sulfate and tenofovir. The clone with the highest functional expression of hOAT3 was used for transport studies. Control BHK pIRES cells were generated by stable transfection of empty pIRESneo3 expression vector into BHK-21 cells. Cells were passaged twice a week for a maximum of 12 passages in a phenol red-free minimal essential medium (Gibco Invitrogen) supplemented with 10% fetal bovine serum and 1 mg/ml G-418.
hOAT1 and hOAT3 transport assays. The hOAT1-specific transport assay was carried out in 12- Probenecid (500 M) was used as an inhibitor of hOAT-mediated uptake to establish the specificity of transport processes. At the end of each incubation, cells were washed three times with ice-cold phosphate-buffered saline (2 ml/well) and lysed with 0.3% Triton X-100 (1 ml/well) for 15 min at room temperature. Cellular uptake was determined by measuring the radioactivity signal in each cell lysate after mixing with 5 ml of Ready-Safe scintillation fluid (Beckman Instruments, Fullerton, CA). Kinetics of hOAT1-and hOAT3-mediated uptake were determined in the transporter-expressing cells across an appropriate range of concentrations for each tested substrate. Various concentrations of radiolabeled substrates were incubated with CHO hOAT1 and BHK hOAT3 for 20 and 120 min, respectively. Cells were processed as described above and the values of kinetic constants (K m and V max ) were calculated according to the Michaelis-Menten algorithm using Prism software (GraphPad, San Diego, CA). Kinetic constants were determined in two independent experiments and are presented as the mean value Ϯ standard deviation.
MRP4 efflux assay. MRP4-mediated efflux of nucleotides was assessed in HEK-293T cells transiently expressing the transporter as described previously (4 (4) . After additional incubation for 90 min, supernatants were harvested and cell cultures were washed and lysed with 0.4% Triton X-100. Samples were analyzed for radioactivity, and the percentages of compound appearing in cell culture supernatant and remaining in cells were calculated relative to the amount of compound present in preloaded cells at the beginning of incubation.
Cytotoxicity assays. CHO pIRES and CHO hOAT1 cells were seeded in parallel into 96-well plates at a density of 3 ϫ 10 3 cells/well. After 24 h, serial dilutions of the tested drugs were added in triplicate and the cells were incubated for an additional 120 h. At the end of the incubation, cell viability was determined using a luminiscence-based Cell-Titer Glo assay (Promega, Madison, WI) according to the manufacturer's protocol. Aliquots (100 l) of medium were removed from each sample well and replaced by 100 l of Cell-Titer Glo reagent. The generated luminiscence signal was quantified using a Victor V3 luminiscence plate reader (Perkin-Elmer, Wellesley, MA). Cell viability was expressed as a percentage of the signal from untreated samples (0% cytotoxicity). The concentration of each drug that reduced cell viability by 50% (CC 50 ) was determined by nonlinear regression using Prism software.
In vitro accumulation in human renal tissue. Precision cut slices from fresh human renal cortex tissue were prepared and their treatment was conducted at 14 C]GS-9148 and, where indicated, 500 M probenecid was added. Samples were gently agitated for 10 and 30 min at 37°C, washed three times with ice-cold phosphate-buffered saline, frozen at Ϫ70°C, and shipped to Gilead Sciences. Upon receiving the samples, each tissue slice was lysed overnight in 0.5 ml of 0.5 N NaOH at 37°C, followed by neutralization with 0.125 ml of 2.0 N HCl. The amount of substrate taken up by the renal tissue was quantified by scintillation counting of tissue lysates upon their mixing with 5.0 ml of Ready-Safe scintillation fluid (Beckman Instruments, Fullerton, CA). Active probenecid-sensitive uptake into tissue slices was calculated by subtracting the amounts of tissueassociated substrate detected in the presence and absence of probenecid.
In vivo renal distribution and urinary clearance of GS-9148 and its metabolites. Studies were carried out in purebred male beagle dogs by Covance Laboratories, Inc. (Madison, WI). All procedures in the study were in compliance with the Animal Welfare Act Regulations, and the study protocol was reviewed by the Institutional Animal Care and Use Committee. Six dogs were administered a target dose of 3.0 mg/kg [ 14 C]GS-9131 (10 Ci/kg) formulated as a solution in 50 mM citrate in water (pH 2.2). All animals were fasted overnight and up to approximately 4 h postdosing. The compound solution was administered by oral gavage, and each gavage tube was washed with 5 ml of 50 mM citrate prior to withdrawal. Kidney tissue was taken from three dogs at 24 h postdosing. The tissue was excised, rinsed with saline and blotted dry, weighed, and placed on wet ice. In the other three dogs, urine was collected into plastic containers surrounded by dry ice over the time periods of 0 to 8 and 8 to 24 h postdosing. Urine and kidney tissue (following combustion) were analyzed by liquid scintillation counting. Concentrations were converted to g equivalents of GS-9131 per gram of sample. The proportion of urinary metabolites accounted for by GS-9148 was determined in pooled urine samples from 0 to 24 h by using liquid chromatography coupled to a 500 Series in-line radioactivity detector (Packard, Meriden, CT). Metabolites were separated using a Luna C 18 , 3-m, 100-mm by 4.6-mm (internal diameter) column (Phemonex, Torrance, CA), a flow rate of 1.3 ml/ minute, with a buffer of 20 mM ammonium formate in water (pH 2.8) and a multistage linear gradient over 65 minutes from 1 to 50% acetonitrile. Renal clearance (CL r ) was estimated using the equation CL R ϭ (amount of GS-9148 in urine over 24 h/plasma GS-9148 exposure over 24 h)/body weight.
RESULTS
Transport of GS-9148 by hOAT1 and hOAT3. Experiments conducted in cells stably expressing functional hOAT1 or hOAT3 indicated that GS-9148 is a substrate for both of these renal transporters. Data presented in Fig. 2 ). Incubation of transporter-expressing cells in the presence of the organic anion transport inhibitor probenecid reduced the intracellular accumulation of GS-9148 to levels similar to those in control cells lacking the transporters. An identical pattern of cellular accumulation was observed with adefovir, an established substrate for both transporters (15, 31) . At a 10 M concentration, the hOAT1-and hOAT3-specific transport of GS-9148 was approximately 13-and 3-fold less efficient, respectively, compared to that of adefovir under the same conditions.
hOAT1 and hOAT3 transport kinetics. A more detailed assessment of transport kinetics demonstrated that GS-9148 has 5-to 10-fold lower affinity for hOAT1 compared to adefovir, tenofovir, and cidofovir ( Table 1 ). The overall efficiency of hOAT1-mediated transport of GS-9148, determined as the V max /K m ratio, is 60-to 100-fold lower than that of the tested acyclic nucleotides. Although the affinity of GS-9148 toward The data for both transporters are presented as means Ϯ standard deviations from two independent experiments performed in duplicate. At all analyzed time points, the accumulation of both drugs in the transporter-expressing cells was significantly different from that in the control cells and the transporter-expressing cells treated with PBC (P Ͻ 0.005 for hOAT1 and P Ͻ 0.01 for hOAT3 using a two-tailed paired t test).
hOAT3 was similar to that of adefovir and tenofovir, the overall efficiency of its transport by hOAT3 was three-to sixfold lower compared to the two acyclic nucleotides. Collectively, these data show that GS-9148 interacts with the studied renal uptake transporters substantially less efficiently than the acyclic nucleotides. The difference is especially obvious in the case of hOAT1.
Cytotoxicity in hOAT1-expressing cells. It has been demonstrated in prior studies that the expression of hOAT1 markedly enhances the cytotoxicity of cidofovir and adefovir due to a selective increase in their intracellular accumulation (15) . In a side-by-side comparison with acyclic nucleotide analogs, GS-9148 showed 20-to 300-fold lower cytotoxicity in CHO hOAT1 cells (Table 2 ). In addition, the shift in GS-9148-induced cytotoxicity caused by functional overexpression of hOAT1 was approximately 5-fold, whereas cidofovir, adefovir, and tenofovir all exhibited 100-to 200-fold increases in their cytotoxicity upon the expression of the transporter. These results are consistent with the less effective intracellular accumulation of GS-9148 via the action of hOAT1.
Efflux by MRP4. To determine whether GS-9148 is a substrate for MRP4 and thus can undergo elimination from proximal tubules, HEK-293T cells transiently expressing the efflux transporter were preloaded with radiolabeled prodrugs tenofovir disoproxil or GS-9131. It has been shown before that both prodrugs undergo effective intracellular conversion to the respective parent nucleotides (26, 27) . The efflux of nucleotides from cells was followed in the presence and absence of the MRP4 inhibitor MK-571. Consistent with prior studies (4), MRP4 expression enhanced the elimination of tenofovir from cells, as evidenced by a lower intracellular concentration and a higher extracellular level of the compound following the incubation of preloaded transporter-expressing cells relative to controls (Fig. 3A) . In addition, MK-571 increased the retention of tenofovir in MRP4-expressing cells but had no effect on the efflux of the compound from control cells. An identical profile was observed following the incubation of cells preloaded with GS-9131, indicating that GS-9148 is also actively effluxed by MRP4 (Fig. 3B ). This conclusion was further confirmed by independent studies in CEM-R1 T cells, which are resistant to acyclic nucleotides such as adefovir due to druginduced overexpression of MRP4 (29) . CEM-R1 cells treated with 10 M GS-9148 accumulated the compound and its phosphorylated metabolites to levels that were 3-to 10-fold lower than those in the control wild-type CEM-SS cells that lacked MRP4 (data not shown). Similar differences in intracellular drug accumulation between CEM-R1 and CEM-SS cells have previously been shown with tenofovir (25) . Collectively, these data demonstrate that similar to tenofovir and adefovir, GS-9148 is also a substrate for MRP4 and thus can be actively eliminated from the MRP4-expressing cells and tissues, including renal proximal tubules.
In vitro accumulation in human renal tissue. To understand the relative accumulation of GS-9148 and acyclic nucleotides, drug uptake studies were conducted using precision-cut tissue slices prepared from fresh human kidney cortex. At the concentration of 5 M, the total accumulation of GS-9148 in renal tissue was two-to threefold lower than that of tenofovir (Fig.  4A ). In addition, the uptake of tenofovir was substantially more sensitive to probenecid than the uptake of GS-9148, indicating a higher proportion of transporter-mediated accumulation of tenofovir, which likely corresponds to active transport of the drug into renal proximal tubules. As a result, the net probenecid-sensitive accumulation of GS-9148, which should represent primarily the drug present in proximal tubules, was approximately fivefold lower than that of tenofovir (Fig. 4B) .
In vivo renal distribution and urinary clearance of GS-9148 metabolites. The effects of the molecular mechanism and kinetics of GS-9148 renal transport on kidney accumulation were measured following oral administration of 3 mg/kg [ 14 C]GS-9131 to dogs. At 24 h postdosing, radiation was widely distributed, with the highest concentrations in liver, bile, kidney, gall bladder, and duodenum (data not shown). Levels in the kidney were 2.49 Ϯ 0.81 g equivalents/g of tissue, or 0.41 Ϯ 0.12% of the administered dose (values are the means Ϯ standard deviations for three dogs). In comparison, [ 14 C]tenofovir disoproxil dosed orally to dogs at 10 mg/kg resulted in kidney levels of 89.9 Ϯ 38.4 g equivalents/g of tissue, representing 4.58% of the administered dose (n ϭ 2 dogs) (20) .
GS-9148 was the major species in urine, accounting for 84% of the material excreted in urine over 24 h. Based on the plasma exposure (area under the time-concentration curve from 0 to 24 h) of 4,900 nM ⅐ h measured for GS-9148 follow- 
DISCUSSION
Nucleotide analogs carrying a negative charge under physiological conditions are substrates for the major renal organic anion transporters hOAT1 (3, 15) , hOAT3 (31) , and MRP4 (4, 16, 25) . Results from prior in vitro and in vivo studies demonstrated that the efficient transport of antiviral acyclic nucleotides, primarily by hOAT1, mediates their selective renal accumulation that may, depending on intrinsic cytotoxicity and dose, lead to nephrotoxicity (3). The present study generated several lines of evidence indicating that GS-9148, compared to the characterized acyclic nucleotides, is less likely to accumulate in renal proximal tubule cells.
The interaction of GS-9148 with both hOAT1 and hOAT3 is less effective than cidofovir, adefovir, and tenofovir. Specifically, GS-9148 exhibits 5-to 10-fold lower affinity (K m ) for hOAT1 and 60-to 100-fold lower overall transport efficiency (V max /K m ) by the transporter compared to acyclic nucleotides. Although GS-9148 shows similar affinity for hOAT3 as adefovir and tenofovir, its transport efficiency is three-to fourfold lower than that of the acyclic nucleotides.
The net accumulation in proximal tubules of renally secreted small molecules is a result of a combined activity and equilibrium of tubular uptake and efflux. Our in vitro studies using two independent cell-based models established that GS-9148 is a substrate for MRP4, an important efflux pump present in proximal tubules, and the overexpression of MRP4 lowers the intracellular accumulation of GS-9148 and its metabolites. This indicates that MRP4 is likely involved in the active tubular secretion of GS-9148 and plays a role in controlling the intracellular accumulation of GS-9148 and its metabolites in proximal tubule cells.
Experiments conducted with fresh renal cortex slices, where the net combined effect of hOAT1, hOAT3, and MRP4 activity on the tissue accumulation could be assessed, showed approx- imately fivefold-lower levels of GS-9148 compared to tenofovir in tissue exposed to the two nucleotides under identical conditions. This observation is consistent with the relatively inefficient transport of GS-9148 by hOAT1 and hOAT3 and its ability to be effluxed by MRP4.
The potential for nephrotoxicity is defined by both the propensity to accumulate in proximal tubule cells and the intrinsic cytotoxicity of a given nucleotide. Although cidofovir, adefovir, and tenofovir show similar high efficiencies of transport by the major renal transporter hOAT1, they differ substantially in their in vitro cytotoxicities, and this appears to correlate with their different in vivo nephrotoxicity potentials (3). Here we showed that, consistent with its less effective transport by hOAT1 and low intrinsic cytotoxicity, GS-9148 is also markedly less cytotoxic in cells overexpressing hOAT1 than the comparative nucleotide analogs. The issue of intrinsic cytotoxicity of both GS-9148 and its prodrug GS-9131 has also been addressed in prior studies (5) . Similar to tenofovir, GS-9148 at concentrations exceeding 1 mM exhibits minimal in vitro cytotoxicity in primary human renal proximal tubule cells from multiple donors as well as in other cell types (5) . Inhibition of mitochondrial DNA polymerase ␥ by active metabolites of nucleoside analogs has been implicated in various clinical adverse effects (18, 33) , and several authors suggested that it may also represent the underlying mechanism for the nucleotideassociated renal toxicity (6, 30) . We have previously shown that the active diphosphate metabolite of GS-9148 is a poor inhibitor of mitochondrial DNA polymerase ␥ and neither GS-9148 nor its various prodrugs, including GS-9131, affect the levels of mitochondrial DNA in cells treated with supratherapeutic concentrations (5) . Therefore, it is unlikely that the clinical administration of GS-9131 would result in mitochondrial toxicity in either kidneys or other organs or tissues.
In addition to data from in vitro renal transport and accumulation studies, tissue distribution and pharmacokinetic studies conducted with radiolabeled GS-9131 in dogs illustrate that GS-9148 accumulates to a lesser extent in kidneys in vivo and has a lower proportion of material cleared by active tubular secretion than acyclic nucleotide analogs. Dose-normalized concentrations of total material observed in the kidney tissue 24 h following the administration of [ 14 C]GS-9131 were approximately sixfold lower than those previously reported following treatment with [
14 C]tenofovir disoproxil (20) . The estimated CL r based on the amount of intact GS-9148 observed in the urine over 24 h was 0.47 liters/h/kg. This value is only slightly above the glomerular filtration rate (0.37 liters/h/kg) and markedly below renal blood flow (1.3 liters/h/kg) in the dog (12) , suggesting only a limited contribution of the net active tubular secretion to the overall CL r of GS-9148. In fact, the predominant mode of GS-9148 renal elimination in the dog is likely passive filtration at the glomerulus. This is in contrast to acyclic nucleotide analogs, for which CL r has been measured to be in excess of twofold above the glomerular filtration rate in various species, including human, (1, 7, 8, 11) . The reduced renal accumulation and elimination by active tubular secretion of GS-9148 are consistent with the lack of renal findings in Sprague-Dawley rats, beagle dogs, and cynomolgus monkeys treated orally with GS-9131 for 28 days at doses up to 300, 20, and 30 mg/kg/day, respectively.
Prior in vitro and in vivo pharmacokinetic profiling of GS-9131 and its metabolites in blood and PBMCs provided a basis for the estimation of clinical exposure that could lead to a therapeutic effect in treated patients (5, 26) . Following the oral administration of GS-9131 to dogs at 3 mg/kg, plasma exposure of GS-9148 was comparable to that of tenofovir in patients treated with a standard 300-mg clinical dose of tenofovir disoproxil fumarate, whereas the concentration of GS-9148 diphosphate in PBMCs from treated dogs approached levels approximately 20-fold higher compared to intracellular concentrations of tenofovir diphosphate detected in the clinic (5, 14) . Considering the similar intracellular antiviral potency of GS-9148 diphosphate and tenofovir diphosphate in HIV-infected PBMCs in vitro (26), these observations suggest that the plasma levels of GS-9148 at therapeutically active doses of GS-9131 should be well below the clinical plasma levels of tenofovir. This should further reduce the renal exposure to GS-9148 compared to acyclic nucleotides.
In conclusion, we have established that, similar to acyclic nucleotide analogs, GS-9148 is a substrate for renal transporters hOAT1, hOAT3, and MRP4. However, the specific kinetics of these interactions result in reduced levels of active renal accumulation of GS-9148 relative to acyclic nucleotides, a difference observed both in the in vitro and in vivo models. Limited renal accumulation, coupled with low intrinsic cytotoxicity and expected reduced plasma exposure, suggests a low potential of GS-9148 to cause renal tubular dysfunction in patients treated with its prodrug, GS-9131.
